This article proposes a simple and sensitive HPLC method with photo-diode array detection for the analysis of organic acids, monomeric polyphenols and furanic compounds in wine samples by direct injection. The chromatographic separation of 8 organic acids, 2 furans and 22 phenolic compounds was carried out with a buffered solution (pH 2.70) and acetonitrile as mobile phases and a difunctionally bonded C18 stationary phase, Atlantis dC18 (250 Â 4.6 mm, 5 mm) column. The elution was performed in 12 min for the organic acids and in 60 min for the phenolic compounds, including phenolic acids, stilbenes and flavonoids. Target compounds were detected at 210 nm (organic acids, flavan-3-ols and benzoic acids), 254 nm (ellagic acid), 280 nm (furans and cinnamic acid), 315 nm (hydroxycinnamic acids and trans-resveratrol) and 360 nm (flavonoids). The RSD for the repeatability test (n 5 5) of peak area and retention times were below 3.1 and 0.3%, respectively, for phenolics and below 1.0 and 0.2% for organic acids. The RSDs expressing the reproducibility of the method were higher than for the repeatability results but all below 9.0%. Method accuracy was evaluated by the recovery results, with averaged values between 80 and 104% for polyphenols and 97-105% for organic acids. The calibration curves, obtained by triplicate injection of standard solutions, showed good linearity with regression coefficients higher than 0.9982 for polyphenols and 0.9997 for organic acids. The LOD was in the range of 0.07-0.49 mg/L for polyphenols (cinnamic and gallic acids, respectively) and 0.001-0.046 g/L for organic acids (oxalic and lactic acids, respectively). The method was successfully used to measure and assess the polyphenolic fingerprint and organic acids profile of red, white, rosé and fortified wines.
Introduction
Analytical characterization of wines is usually a timeconsuming process, but it yields the necessary information for the elaboration and control of a quality product and definition of suitable conditions for adequate preservation. The profile and evaluation of the organic acids and polyphenols content are important parameters in wineries, and hence it is essential to have a rapid and precise methodology for quantification. The determination of organic acids, mainly tartaric, malic and lactic acids, is important for the fermentation process monitoring, as they contribute to flavour balance, chemical stability and microbiologic control and frequently subject to control in food to accomplish law and regulations. In addition, polyphenols also have effects on the organoleptic characteristics (colour, flavour and taste), thus their profile and content are also significant [1, 2] . These two types of chemical species are very common in wines and both are affected by several factors such as ripening, variety, growing region, atmospheric conditions as well as production techniques [3] [4] [5] [6] .
The most frequent acids found in wines are tartaric, malic and citric acids originated from the grape, and succinic, lactic and acetic acids resulting from alcoholic and malolactic fermentations. Acetic acid can also increase during ageing period. Eventually, other acids can occur in Vanda Pereira 1 José S. Câ mara 1 Juan Cacho 2 José C. Marques small amounts which may be derived from ethanol oxidation [7] . One of the most used technologies to detect and quantify organic acids is HPLC method with photo-diode array detection (HPLC-DAD) and there are a number of published methods [8] [9] [10] [11] [12] [13] , some methods are based on ion-exclusion separations [12, 14] , which normally require the removal of polyphenols before sample analysis, others involve ion-exchange [15] and RP separations [16] [17] [18] . Most methods are not applicable to wine due to the alcohol content or low resolution [19] . Frequently, isocratic elutions are described using an acidified aqueous solvent and separation time is no longer than 20 min [20] . It is also common to find in the literature that organic acid analysis includes a sample pretreatment which increases analysis time and affects the reliability of the results.
From the enological point of view, phenolic compounds mainly influence the colour, astringency, bitterness, clarity as well as the browning process [21] [22] [23] . Besides of their enological attributes, polyphenols are known to potentiate some health benefits effects due to their pharmacological activities, such as antioxidant, anti-inflammatory, antiallergic, antiviral, anticarcinogenic, antimicrobial and vasodilatory actions [24] [25] [26] [27] . Phenolic acids, stilbenes, flavanols and anthocyanins are the main types of polyphenols present in wines. Some examples which are frequently reported are gallic acid, ferulic acid, quercetin, myricetin, catechin, epicatechin and trans-resveratrol [28] [29] [30] . A variety of techniques have been used for the determination of phenolic compounds in wines based on GC [31] [32] [33] [34] and CE [35] [36] [37] , but RP-HPLC has been elected and considered the most appropriate technique to analyze wine polyphenols, often used to give product composition and differentiation [38] [39] [40] . Generally, studies make use of RP C18 columns [41, 42] and binary solvent systems consisting of a solvent A, usually acidified water, and a polar organic solvent B, such as acetonitrile or methanol [43] . DAD methods are the most common [11-13, 38, 40, 41, 44-56] , but other detection methods as electrochemical [57, 58] and MS [59] [60] [61] have also been used. The use of LC-MS and LC-MS/MS has become the best option for the analysis of these compounds in several matrices as well as their derived products [62] [63] [64] , but the opportunity of access to these advanced technologies is still restricted for most laboratories. In Table 1 , several published methods are summarized for the determination of these compounds in wine and similar matrices.
Therefore, the aim of this study was to develop a simple and sensitive methodology using RP-HPLC-DAD chromatographic separation, allowing a single run determination of organic acids and monomeric polyphenols in the same wine sample, with no sample pretreatment, covering the compounds normally found in wines. RP separation mechanism was chosen since it is frequent in polyphenol analysis and performs organic acids faster analysis [65] . Other HPLC procedures have also been developed for the simultaneous analysis of organic acids and polyphenols in wines and grapes [11, 66] , but these studies were developed for a restricted number of polyphenolic compounds. For the purpose of the study, the method was extended to two furanic compounds, 5-hydroxymethylfurfural (HMF) and furfural, as they are usually detected in fortified wines. Considering the elution conditions, both furans are presented in tables associated with polyphenols. The current project intends to apply the developed methodology for the assessment of these compounds in several wine types: fortified, red, white and rosé wines.
Materials and methods

Standards and reagents
Polyphenol standards: gallic acid, gentisic acid, vanillic acid, caffeic acid, p-coumaric acid, ferulic acid, sinapic acid, ellagic acid, cinnamic acid, p-hydroxybenzoic acid, (1)-catechin, (À)-epicatechin, (À)-epigallocatechin, myricetin, sinapic acid, rutin and kaempferol were supplied by Fluka Biochemika AG (Buchs, Switzerland), protocatechuic acid, vanillin, syringic acid and trans-resveratrol by Sigma-Aldrich (St. Louis, MO, USA), whereas syringaldehyde, HMF and furfural were acquired from Acros Organics (Geel, Belgium) and quercetin from Riedel-de-Haën (Seelze, Germany). The purity of all polyphenolic standards was greater than 95%. Polyphenol stock solutions of 1 g/L were prepared by dissolving the appropriate amount of each compound in ethanol. These solutions were stored at 41C and diluted before use with Milli-Q water to prepare the working standard solutions. Acids standards were obtained from different suppliers: L-tartaric (99.5%), L-malic (99.5%) and succinic (99.5%) from Merck (Darmstadt, Germany); lactic (85%) and acetic (99.7%) from Panreac Química S.A. (Barcelona, Spain); citric (99.5%) from Fluka BioChemika AG; formic (99.7%) and oxalic (99%) were obtained from Fisher Scientific (Loughborough, UK) and Acros Organics, respectively. Stock standard solutions of 10 g/L were prepared by dissolving each acid in Milli-Q water and stored at 41C for 1 month. Working standard solutions were prepared by dilution with Milli-Q water.
HPLC-grade acetonitrile was obtained from SigmaAldrich and ultra-pure water was obtained from a Milli-Q system (Millipore, Milford, MA, USA). Disodium hydrogen phosphate dihydrate (99%) was supplied by Panreac Química S.A., sulfuric acid (95-97%) was supplied by Riedel-de-Haën. The eluents were previously filtered with membrane filters obtained from Pall (0.20 mm, Ann Arbor, MI, USA).
Apparatus and operating conditions
Chromatographic analyses were carried out using a Waters Alliance liquid chromatograph (Milford, MA, USA) Isocratic: 5 mM phosphoric acid; Flow: 0.7 mL/min 210 [13] equipped with an auto-injector (Waters 2695, separations module) and a photodiode array detector (Waters 2996). To separate organic acids and polyphenols, an Atlantis dC18 column (250 mm Â 4.6 mm id; 5 mm; Milford, MA, USA) was selected as the analytical column, using the following mobile phases: A: 10 mM of phosphate solution buffered at pH 2.70 with concentrated sulphuric acid; B: 100% acetonitrile.
As polyphenols are present in wine in minor quantities (about mg/L) when compared with organic acids content (up to g/L), the separation method was divided into two steps, maintaining the general operation conditions but allowing the correct evaluation of the different concentration ranges. Organic acids chromatographic separation was carried out using an isocratic elution, 100% A during 8 min followed by 12 min of washing and re-equilibration period, while polyphenols and the two furans require a gradient elution applied as follows: 0-30 min, 0-20% B, linear; 30-50 min, 20-50% B, linear; 50-60 min, washing and reequilibration of the column. The mobile phase was set to a flow rate of 1.0 mL/min and the column thermostated at 301C. Injection volume was set to 10 mL and all standards and wine samples were injected in triplicate, after being filtered through membrane filters Acrodisc s CR PTFE from Waters (0.45 mm). Target compounds were detected at 210 nm (organic acids, flavan-3-ols and benzoic acids), 254 nm (ellagic acid), 280 nm (furans and cinnamic acid), 315 nm (hydroxycinnamic acids and trans-resveratrol) and 360 nm (flavonoids). The detector signals were recorded on a chromatography data system controlled by the Empower Pro software. Chromatographic peaks were identified by comparison of elution order, retention times, the spectral UV-Vis with those of standards and spiking samples with pure compounds. The quantification of the studied compounds was carried out using the external standard method.
Samples
This methodology was applied to different types of wines: four fortified wines (F wines), four red table wines (R wines), four white table wines (W wines) and one rosé wine (Rs wine). All wines were produced from Vitis vinifera L. grape varieties. Red and white wines were bought in local stores and fortified wines were supplied by a local producer. Samples were filtered (0.45 mm) and diluted with mobile phase A when needed to comply with the working range.
Method validation
Retention times were previously determined using individual standards dissolved in mobile phase A. The working range for each compound was estimated from the expected results for this type of samples and the higher concentration working standard solution was accordingly prepared from the stock solution of each compound (10 g/L for organic acids and 1 g/L for polyphenolic and furanic compounds) and diluted with Milli-Q water. Five other working solutions were prepared by successive dilutions and injected for the linearity range test.
Wide concentration ranges were used as the amount of the studied compounds depends on the wine variety. Quantification was carried out by the external standard method based on peak areas of the eluted compounds.
Method sensitivity was assessed by the determination of LOD and LOQ of each compound. These parameters were calculated on the basis of linear regression, LOD 5 3.3s/b and LOQ 5 10s/b, s is the y-intercept standard deviation and b is the slope of the linear regression.
The precision was evaluated by inter-and intra-day repetition method. Intra-day repeatability was assessed by five successive replicate determinations of three standards. Inter-day reproducibility was assessed by analyzing, on three distinct occurrences, five replicates of three standards.
Recovery was determined by the addition of known amounts of organic acids, furans and polyphenols to the wine samples, tested for two concentration levels and replicated three times. Average recovery was calculated by comparing mean values of replicates with theoretical concentrations of each replicate.
Results and discussion
Method development
Usually, the chromatographic analysis of organic acids is carried out using ion-exchange columns, requiring phenolic compounds to be previously removed from the sample, whereas the polyphenol separation is frequently performed by RP. The present method was developed to allow the sequential analysis of 8 organic acids, 22 monomeric phenolic and 2 furanic compounds commonly found in wines (Table 2 ), using the same RP column, a difunctionalbonded C18 stationary phase, Atlantis dC18 column.
Initial HPLC working conditions were selected based on the organic acids method published in Waters application notebook for Atlantis columns [67] . Then, the method was optimized in order to achieve good resolution for the maximum number of peaks in the shortest analysis time, considering the following parameters: injection volume, wavelength detection, the solvents used and the elution program. As summarized in Table 1 , the separation of polyphenols usually involves the use of acid additives, aiming to suppress ionization, namely acetic and formic acids. Besides being target compounds, these additives absorb at 210 nm, affecting the use of this wavelength in the measurement of polyphenols, namely flavan-3-ols, which have higher absorptivity at 210 nm than at 280 nm. Avoiding the use of these acid additives, the alternative was the use of buffered mobile phase for acid pH adjustment. The initial concentration of the buffered mobile phase (20 mM) was decreased to 10 mM to avoid problems with precipitation and the abrasive affect of phosphate buffers on pump seals, but ensuring pH control. As phosphate buffers higher then pH 7 are known to accelerate the dissolution of silica and shorten severely the lifetime of silica-based HPLC columns, the resolution degradation was monitored and the column seemed to be unaffected at the low pH used in this method (2.70). The method was developed with the intention of simultaneous analysis of organic acids and polyphenols, in a single run, but for calibration purposes and considering their disproportionate concentration ranges in wines, it was preferred to perform their analysis separately. However, as organic acids elute at low retention times (up to 9 min) and furans and polyphenols elute at higher retention times, a single run analysis can be carried out without losing separation. Therefore, an isocratic elution was carried out for organic acids with the buffered mobile phase at pH 2.70 ( Fig.  1 ) and a gradient elution was used for monomeric polyphenols and furans. The gradient elution, described in Section 2, was performed during 60 min, including washing and re-equilibration stage, starting with 100% of aqueous mobile phase and requiring a maximum of 50% of organic solvent to elute the analytes under study, avoiding high consumption of the organic phase, which frequently represents a significant cost in laboratories. Figure 2 shows typical chromatograms obtained applying this gradient to a polyphenols and furans standard solution and a wine sample. Phenolic acids are currently detected at 280 nm, even if most of them have higher absorption at wavelengths close to 210 nm, as flavan-3-ols. The spectral bands of the studied compounds were obtained by their spectral array between 190 and 600 nm and are summarized in Table 2 . The detection wavelength was chosen near to the absorption maximum, except for the compounds which elute at the final stage of the analysis, as the influence Table 2 for peak identification.
of the acetonitrile absorption increases at lower wavelengths. The use of different detection wavelengths ensured the compromise between selectivity and sensitivity. As published analytical methods usually require sample pretreatment and long time analysis, this study intended to overcome this, in order to obtain an easier methodology. Wine phenolic composition was then determined by direct injection of wine samples, after being filtered through 0.45 mm membrane filters. The direct injection of the samples was selected after testing other presample treatments, including SPE, without losing selectivity and resolution of the compounds of interest due to wine matrix (including the high alcohol content). Thus using the optimized conditions, well-resolved chromatograms of wine samples were obtained as shown in Fig. 2 . This method also upgrades other previously proposed methods for the Table 3 . Repeatability (intra-day) and reproducibility (inter-day) of the developed method, expressed in terms of the variation (RSD%) of retention times (t R ) and areas simultaneous analysis of organic acids and polyphenols [11] , maintaining the basic principles but improving sensitivity and chromatographic resolution as well as the number of target compounds (up to 32).
Validation procedure
In order to validate the developed methodology, several parameters such as linearity, analytical determination limits, recovery, precision and accuracy were considered. The linearity was evaluated by the analysis in triplicate of six standards solutions. The obtained validation parameters are listed in Table 2 . Good correlation coefficients (R 2 ) were observed, higher than 0.9982 for polyphenols and furans and 0.9997 for organic acids, confirming the linearity of the method.
Method sensitivity was evaluated by LOD and LOQ determinations, calculated on the basis of the linear regression curves. The LODs were in the range of 0.07-0.49 mg/L for polyphenols (cinnamic and gallic acids) and furans and 0.001-0.046 g/L for the organic acids (oxalic and lactic acids). Given that the LODs and LOQs are considerably low (Table 2) , it is reasonable to conclude that this method can be used for quantitative analysis in wines. The LODs results are comparable or lower than those found in the literature [49, [53] [54] [55] .
Recovery studies were carried out to determine the accuracy of the method. A wine sample was analyzed before and after the addition of different known amounts of organic acids, furans and polyphenols, and recoveries ranged between 80 and 104% for furans and polyphenols and 97-105% for organic acids were found. These results reveal that the matrix composition complexity does not compromise selectivity and sensitivity of the method, allowing the direct analysis of wines.
The method precision (repeatability and reproducibility) was evaluated by the assessment of five successive analyses of standard working solutions, at three different concentrations, by intra-and inter-day (three different days) repetition method. The precision is expressed in terms of the variation (RSD%) of retention times (t R ) and areas obtained for the repeatability and reproducibility tests ( Table 3 ). The small variation of t R (with a maximum of 1.7%) is very important in order to avoid misidentification of peaks in wine samples (Fig. 2) . The area variation is, in general, small but higher for the reproducibility tests, with maxima at 7.4% for phenolics and 9.0% for organic acids as summarized in Table 3 .
Wine sample analysis
In order to test the developed methodology in red, white, rosé and fortified wines, the samples were simply filtered (0.45 mm) and diluted, when necessary, to apply to the constructed calibration curves. For the purpose of this study, quantified results slightly below the previous validated working range were confirmed by increasing the injection volume. The obtained results are summarized in Table 4 .
Regarding the organic acid analysis, the attained results vary from 0.055 to 6.273 g/L in fortified wines for oxalic and lactic acids, 0.063 to 9.839 g/L in red wines for succinic and lactic acids, 0.043 to 3.118 g/L in white wines and 0.031 to 3.642 g/L in rosé wine, for oxalic and malic acids, respectively. As can be shown, the concentration of organic acids found in wines varies significantly between wine type and also from one sample to another, suggesting that it is strongly dependent on wine nature and therefore on the vinification process applied. Cunha et al. [9] and Esteves et al. [68] also report variable concentrations when they analyzed tartaric, malic, lactic, succinic and acetic acids in fortified wines, with values between 0.219 and 1.442 g/L and between 0.041 and 2.752 g/L, respectively. The same result was obtained by Villiers et al. [69] when determining the same compounds in red and white wines.
Polyphenols in fortified wines ranged between 0.53 and 6.13 mg/L, between 0.46 and 37.26 mg/L in red wines, between 0.43 and 16.12 mg/L in white wines and between 0.38 and 11.64 mg/L in the rosé wine. These values are in the range of the amounts found in other red [40, 46, 51, 54] , white [46, 70] and fortified [71] wine varieties, showing that the results obtained in this study are acceptable and coherent. In addition, furans were also determined as they are present mainly in fortified wines, showing maximum results of 338.76 and 10.40 mg/L for HMF and furfural, respectively. As similar results were obtained by Ho et al. [71] , the above application demonstrates the effectiveness of the developed method for the determination of these compounds in fortified wines.
Concluding remarks
A simple and rapid method was developed for the sequential determination of organic acids, furans and phenolic compounds in different wine matrices by HPLC technology. This method combines sensitivity with time-effectiveness and was successfully used to measure and assess the polyphenolic fingerprint and organic acids profile of red, white, rosé and fortified wines. The determination of two furanic compounds, HMF and furfural, frequently detected in fortified wines, was also performed by the present method. Furthermore, the methodology provides the potential to analyze wine samples in a single chromatographic column and avoiding tedious and time consuming sample preparation procedures. Therefore, 22 of the most common phenolic compounds and furans in wines were separated in 60 min and eight organic acids in 12 min, allowing simultaneous quality control analysis. The methodology can be extended to the determination of other wine polyphenols if additional calibrating standards are used. 
